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GENERAL INTRODUCTION 
Physiological processes of the living animal (i.e. respiration, 
circulation, digestion) are often adjusted to some desired level or 
rate. This adjustment or "regulation" of these processes occurs in 
response to information received from the external environment and from 
sources within the body of the animal. It is this regulation that enables 
the animal to function successfully in its environment. Physiological 
regulation in adult birds and mammals is centered around the maintenance 
of a constant internal environment or homeostasis. The major constituents 
of this internal environment, temperature, fuel supply, oxygen, waste 
products and water, must be regulated simultaneously to keep them in 
balance with the needs of the animal's working body. 
The maintenance of water in appropriate quantities and of solutes in 
proper concentrations is known as osmoregulation and results in osmotic 
balance; any gain or loss of water or salt is balanced by an equal and 
opposite loss or gain of water ôr salt. Adult animals employ a number of 
osmoregulatory mechanisms to adjust water and salt concentrations of their 
extracellular compartments in order to maintain their osmotic balance. 
These mechanisms include kidneys, salt glands, brain osmoreceptors, 
vascular pressure and volume receptors, hormone feedback and others. All 
of these mechanisms work together in the adult organism to regulate 
internal water and ion concentrations to ensure a proper osmotic 
environment for normal tissue and organismal function. 
The developing embryo of the new bird or mammal contains the 
rudimentary tissues of the adult osmoregulatory mechanisms. Much is known 
about the osmoregulatory contributions of these tissues and about other 
mechanisms of the mammalian fetus (Perks and Cassin, 1987; Wintour, 1985; 
Robillard et al., 1985). Current research in mammalian fetal 
osmoregulation is directed at finding specific physiological mechanisms 
that produce and control the osmotic environment around the fetus. 
However, relatively little is known about the regulation of osmotic 
conditions around the avian embryo. 
The avian embryos differs from the mammalian fetus in having a 
finite amount of water inside the egg to distribute correctly to 1) 
developing embryonic tissues, 2) developing extraembryonic membranes and 3) 
expanding and contracting extraembryonic fluid compartments. The embryo 
must deal with two other effects also. First, all avian eggs lose water by 
diffusion across pores in their eggshells during incubation (Paganelli, 
1980). Chicken eggs hatch with highest success when they lose about seven 
gm of water which is equal to about 12% of their 60 gm fresh, initial mass. 
An increase or decrease in total water loss during the 21 day incubation 
period will decrease hatching success (Barott, 1937; Lundy, 1969; Landauer, 
1967). Second, the amount of natural variation in eggshell pore number 
found among individual eggs is substantial (Hoyt, 1979; Tullett and 
Deeming, 1982). This variability in porosity results in further variation 
in the amount of water inside the egg during incubation (Simkiss, 1980a). 
The combination of factors mentioned above emphasizes the need for 
functional embryonic osmoregulatory ability to permit the proper growth and 
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hatch of a new bird. 
The osmotic conditions around the chicken embryo under normal 
incubation conditions have been described (Romanoff, 1959; Adolph, 1967; 
Romanoff, 1967) but only recently have studies been undertaken to explain 
the production, maintenance, regulation, and physiological importance of 
these osmotic conditions in and around the chicken embryo. Stewart and 
Terepka (1969) were the first to suggest that Na"*" and CI" ion levels found 
in the allantoic fluid during the last week of incubation may have been 
the result of active Na"*" ion transport by the chorioallantoic membrane 
(CAM). They suggested that Na"*" ions were being pumped actively out of the 
allantoic fluid into the blood with water and CI" ions following 
passively. They and others also measured an outer-surface, positive 
membrane potential across the CAM and confirmed the presence and activity 
of a Na-K ATPase in the CAM (Moriarty and Hogben, 1970; Kyriakides and 
Simkiss, 1975; Saleuddin et al., 1976). Further studies have shown in 
detail the structural and physiological function of active Na"*" and Ca^ '2 
transport by the CAM during incubation (Dunn et al., 1981; Graves et al., 
1986; Tuan et al., 1986). Thus, the CAM is one embryonic osmoregulatory 
mechanism that functions to recyle water from the allantoic fluid by 
active transport of Na"*" ions back into the blood. This allows for 
conservation of the finite amount of water inside the egg during 
incubation. 
Other researchers have investigated the role of the embryonic 
pituitary gland and its hormones by hypophysectomy of early embryos 
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(Doneen and Smith, 1982a; Murphy et al., 1982) and by administration of 
exogenous prolactin, arginine vasopressin, aldosterone (Doneen and Smith, 
1982b) and growth hormone (Murphy et al., 1986). Embryonic fluid volumes 
and ion levels can be measurably altered by these methods. However, the 
specific sites of action of these agents or whether the embryo even employs 
these hormones in its osmoregulatory efforts are unknown. 
All of the previously mentioned studies have investigated the 
osmoregulatory ability of the chicken embryo under standard incubation 
temperatures ( 37.5°C) and relative humidity (55-60%) which produce 
highest hatching success. However, it is not known how the CAM functions 
when eggs undergo high or low rates of water loss during incubation. If 
daily water loss is experimentally manipulated, we can change the internal 
water content of the egg and measure the responses of the osmotic 
environment in and around the embryo. Daily water loss from the egg is a 
function of eggshell water vapor conductance and the driving force of the 
water vapor pressure difference between the saturated inside of the shell 
and the drier air outside the shell. The pore area of the shell is 
directly proportional to the eggshell water vapor conductance (Rahn and Ar, 
1974). These relationships give two ways of altering internal water 
content of the egg by altering daily water loss. First, one can change the 
external water vapor pressure which will change the water vapor pressure 
difference. Second, one can change water vapor conductance by changing 
the porosity of the eggshell. 
A study by Burton and Tullett (1982) found no effect on day 12 embryo 
5 
or yolk mass when porosity was reduced by applying tape to eggs before 
incubation. Another study by Tullett and Burton (1982) found that chick 
mass at hatch was 3 gm less in eggs incubated at low (20%) humidity. They 
reported that the difference was due to a decrease in water content of the 
embryo itself and not in mass or water content of the yolk. The dry 
masses of chicks from eggs incubated at 50% and 20% humidities were not 
different. They stated that the volume of fluid reserves in eggs that 
lost higher amounts of water was decreased or depleted by day 18 and that 
the main effect of high water loss was a decrease in the amount of water 
left to accompany dry matter in the embryo and hatchling. 
Hoyt (1979) also incubated eggs at different humidités to change 
their internal water content. He wanted to determine if variations in 
water loss affected all fluid compartments equally or if the water content 
of the embryo was actively regulated by varying the water content of 
another fluid compartment. He found that day 17 eggs, incubated under low 
humidity, lost about six times as much water from allantoic fluid 
as from the embryo and none was lost from yolk or amniotic fluid. Further, 
in eggs with high water loss (14-16% loss of initial mass) water was 
removed from allantoic fluid b\ following the active transport of Na"*" 
ions across the CAM, a finding reported earlier by Stewart and Terepka 
(1969) and others. Hoyt compared the osmoregulatory ability of the CAM to 
that of the toad bladder and showed that, under the conditions he used, the 
membrane around the avian embryo could maintain a stable osmotic 
environment despite a decreased amount of water inside the shell. 
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Simkiss (1980b) opened eggs on day 13 and either removed about 6 ml 
of allantoic fluid or drilled holes through the shell over the airspace 
to increase porosity and increase water loss. He showed that 
eggs with holes lost 8 gm more water (= 27% loss of initial mass) and 
produced hatchlings that weighed 8.1 gm less than hatchlings produced 
from undrilled eggs. Further, both groups showed a high, normal hatching 
success. He concluded that the decreased mass of water-stressed 
hatchlings was due to an embryonic mechanism or sensor that regulated 
embryonic growth according to the amount of water available inside the egg 
during incubation and that many embryos used this ability to survive 
abnormally high rates of water loss. 
The preceding literature review reveals gaps in the knowledge of 
osmoregulatory responses and mechanisms of the avian embryo. Though 
Murphy et al. (1982), Romanoff (1967) and Stewart and Terepka (1969) 
present extensive data for allantoic fluid, amniotic fluid and plasma ion 
contents and volumes during the last half of incubation, their studies 
were done under standard incubation humidity and have not taken into 
consideration the extensive variation in water loss that is common to all 
sets of eggs (Hoyt, 1979; Tullett and Deeming, 1982). The development or 
ontogeny of the specific osmotic conditions (i.e., changes in ion contents 
and volumes of allantoic fluid, amniotic fluid and blood) that produce 
variations in chick water content and hatching success have not been 
examined in detail. The specific tissues that are decreased in water 
content and cause the reduction in wet but not dry mass of water-stressed 
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hatchlings have not been located. The posthatch survivability of water-
stressed hatchlings or the water-sensitive growth regulation proposed by 
Simkiss (1980b) have also not been investigated previously. Though 
osmotic conditions around the embryo under standard incubation conditions 
have been described, the physiological significance of these osmotic 
conditions and how they relate to hatching success or embryo water 
content have not been examined critically in the past. A comprehensive 
study of the effects of low egg water loss on embryonic development and 
internal osmotic conditions of the avian egg has not been done. 
The research presented here will use both different incubator 
humidities and changes in eggshell porosity to change the internal water 
content of the egg. This change in water content is intended to perturb 
the osmoregulatory mechanisms of the embryo. The consequences of this 
perturbation will be compared in eggs with different rates of water loss by 
measuring ion contents and volumes of allantoic fluid, amniotic fluid and 
blood, water content and growth of the embryo and the rates of use and 
water content of albumen and yolk. 
These results will be used to test the following hypotheses: 
1) Embryos produced from eggs that have lost excess water are smaller in 
wet mass because they are dehydrated, not because they are growing more 
slowly. 
2) If excess water is lost from the egg as a result of increased movement 
of water out of allantoic fluid, the rate at which sodium is transported by 
the CAM must increase. 
8 
3) High water loss affects embryonic blood and amniotic fluid ion content 
only after allantoic fluid volume has been depleted. 
4) The decrease in wet embryo mass measured in embryos from eggs with high 
water loss is due to dehydration of skin. 
5) Excess water inside the egg due to low water loss during incubation has 
no effect on embryonic growth and is left behind in an extraembryonic 
compartment. 
Statement of Explanation of Dissertation Format - This dissertation 
is composed in the alternate format. The sections (l-II) of this 
dissertation are complete manuscripts modified to conform to the 
specifications of the Thesis Office at Iowa State University. Each section 
consists of an abstract, introduction, materials and methods, results, 
discussion and literature cited. A general introduction precedes section I 
and a general summary follows section II. 
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SECTION I. EFFECTS OF INCREASED WATER LOSS ON GROWTH 
AND WATER CONTENT OF THE CHICK EMBRYO 
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ABSTRACT 
Domestic chicken eggs that lost 25.1% of their initial mass during 
incubation produced embryos with smaller wet masses than control eggs that 
lost 12.5% of their initial mass. However, water-stressed embryos did not 
differ from control embryos in dry body mass, indicating that water-stressed 
embryos were dehydrated. Yolk, albumen, heart and gizzard wet and dry 
masses were not different between water-stressed and control groups during 
the last week of incubation. However, absolute wet mass of the liver was 
significantly greater and that of the right leg significantly less in water-
stressed embryos. Tarsometatarsal length, absolute dry masses of the liver 
and right leg and daily rates of oxygen consumption were not different 
between groups. Hatching success was 20.2% for water-stressed eggs and 85% 
for control eggs. Increased egg water loss during the last week of 
incubation results in embryos that weigh less because they have a lower 
water content, not because they grow more slowly. The reduction in water 
content, with respect to the individual organs and body parts examined, is 
primarily due to a difference in leg tissue water content. Thus, embryos 
do not alter their growth in response to a change in the amount of water 
available in the egg. 
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INTRODUCTION 
Avian eggs are laid with a finite amount of water deposited in their 
yolk and albumen. This water is redistributed to embryonic tissues and 
extraembryonic compartments within the egg during incubation. In 
addition, some of this water is lost across the eggshell during incubation 
while more water is produced by oxidation of yolk. Most bird eggs lose a 
quantity of water equal to about 15% of their initial mass during 
incubation (Ar and Rahn, 1980; Drent, 1970). The rate of water loss is 
the product of the water vapor conductance and the water vapor pressure 
difference across the eggshell (Paganelli, 1980). Variation in shell 
conductance or in the vapor pressure difference across the eggshell will 
produce variation in the amount of water lost. Considerable variation in 
water vapor conductance has been reported for a number of avian species 
(Hoyt, 1979; Ar et al., 1974). Increased or decreased water loss decreases 
hatching success (Lundy, 1969; Barott, 1937) and may influence growth and 
development of the embryo (Simkiss, 1980a; Tullett and Deeming, 1982). 
Ar and Rahn (1980) proposed that eggshell pore structure has been 
evolutionarily selected to function as a regulating interface between the 
developing embryo and the external environment. Simkiss (1980b) argued 
that the regulatory ability of the eggshell was overemphasized and that an 
embryo can alter its growth rate in response to a high rate of water loss 
and still hatch successfully. He showed that the wet mass of hatchlings 
from eggs that lost increased amounts of water was eight grams less than 
that of controls, indicating that the water-stressed embryos had slowed 
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their growth rate. 
Hatchlings exhibit a lower wet mass because they are growing more 
slowly or because they have a lower water content. We hypothesized that 
dehydrated embryos grow more slowly, use less oxygen, less yolk and less 
albumen per unit time and may have an increased incubation period. If 
embryos adapt to the amount of water available inside the egg by altering 
their growth rates, then water-stressed hatchlings should display a 
similar percent water content but less dry mass and smaller body components 
(tarsometatarsal length and organ mass) in comparison with unstressed 
hatchlings. Also, the hatching success of water-stressed eggs should 
directly reflect the ability of the embryos to adapt to increased rates of 
water loss. 
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MATERIALS AND METHODS 
Fresh, fertile eggs of domestic chickens (Callus gallus) were 
obtained from the Veterinary Medical Research Institute at Iowa State 
University. All eggs were weighed immediately upon arrival in the 
laboratory on a Mettler HK160 electronic balance to obtain initial mass. 
They were immediately placed in a circulating air incubator at 37.5 ± 1°C 
(mean ± s.d.). Relative humidity, which was maintained at 55 ± 5%, was 
monitored with a Model 115-2051 Hygrosensor probe (Universal Instrument 
Co., Silver Spring, MD) calibrated against known humidities. The incubator 
turned the eggs automatically six times per day. Eggs were weighed and 
candled on day 10 to record mass losses and monitor internal development. 
Eggs were weighed again on the day they were sampled to obtain total water 
loss. Midway through day 13 of incubation the rate of water loss of one 
half of the incubating eggs was increased by drilling 8-12 holes 1 mm in 
diameter through the eggshell into the airspace. Eggs that were not 
drilled served as controls. Experimental eggs were then placed in another 
incubator at 37.50C with a relative humidity of 0-10% for the remainder 
of the incubation period. Simkiss (1980b) stressed eggs by removing 
allantoic fluid on day 13. Our attempts to remove allantoic fluid with a 
syringe or by gravity were unsuccessful and resulted in embryonic death. 
A portion of the experimental and control eggs were sampled during 
the last third of incubation. The wet weight of embryo, yolk, albumen, 
right leg, heart, gizzard, liver and the length of the tarsometatarsus 
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were measured. Hatching success was calculated by dividing the number of 
hatchlings on day 20-21 by the number of viable eggs on day 13 that were 
not subsequently used for weight determinations. Initially, dry mass was 
obtained using two techniques. One half of the samples of embryos, yolk, 
albumen and body parts was placed in an oven at 60°C. The remaining 
samples were placed in a freeze drier at -70°C. All samples were dried 
until there was no further loss of mass. No differences in dry mass were 
observed between the two methods of drying so the oven was used for the 
rest of the experiment. 
Oxygen consumption of control and experimental eggs was measured with 
an open flow system in a constant temperature chamber at 37.5°C starting 
on day 10. The oxygen and carbon dioxide concentrations in outflowing gas 
were detected by a Model S-3A Oxygen Analyzer and a Model CD-3A Carbon 
Dioxide Analyzer (Applied Electrochemistry, Sunnyvale, CA) sensitive to 
0.01% O2 and CO2 full scale. These sensors were connected to a Model 
5810B1 Mass Flow Meter (Brooks Instrument, Hatfield, PA) to control flow 
rate. A Model 3 Neptune Dynapump (Universal Electric, Owasso, MI) was 
used to draw air through the system. Air was dried (silica gel) before it 
entered the test chamber and again before it entered the gas sensors. 
Output voltages from the oxygen and carbon dioxide analyzers were compared 
to those obtained from an empty chamber. All respiratory data were 
collected and stored using an analog-to-digital converter and an Apple 
11+. Oxygen consumption, carbon dioxide output and respiratory quotient 
were measured utilizing the open flow principles of Depocas and Hart 
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(1957). Respiratory gas exchange was measured on various days during the 
last half of incubation. Total oxygen consumption between day 10 and day 
19 was calculated by estimating the area under the curve of a plot of 
oxygen consumption versus time using an electronic planimeter 
(Versiwriter, VersComputing, Inc., Newbury Park, CA). It is assumed that 
oxygen consumption did not differ between groups before eggs were drilled 
on day 13. 
Several procedures were used to control for variation in results due 
to differences in initial egg mass. First, experimental and control eggs 
were paired by initial mass. Second, covariate analysis was performed 
using initial egg mass as the covariate. No significant difference was 
observed between covariate adjusted and unadjusted means and the 
unadjusted means are reported. The unadjusted means and their standard 
deviations were analyzed by one way analysis of variance (ANOVA). Data 
for wet and dry mass of the embryo, yolk and albumen represent pooled 
means from seven replications of the same experiment. An average of four 
embryos from each group were examined per day per replication: pooled N = 
28. To test incubator effects, two replications of the seven were done 
after switching the wet (55% r.h.) and dry (0-10% r.h.) incubators. Data 
.reported for gizzard, liver, heart and leg wet and dry mass and 
tarsometatarsal length are pooled means from three replications of the 
same experiment. Four embryos were examined per day per replication: 
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pooled N = 12. Data were pooled because significant differences between 
replications were not detected. 
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RESULTS 
Eggs in which the rate of water loss was experimentally increased 
during the last third of incubation (day 13 to hatch) by drilling holes in 
the shell experienced a four-fold increase in daily water loss compared to 
controls. Total water loss as a fraction of initial egg mass increased 
two-fold in drilled eggs. Control eggs lost about 375 mg per day and, 
with a water vapor pressure difference of 3.19 kiloPascal (kPa; 1 kPa = 
7.52 torr) between the eggs and incubator air at 37.5°C, the 
calculated vapor conductance was 117.5 mg.day'l.kPa'l. There was no 
significant difference between rates of water loss of control and 
prospective experimental eggs (i.e., before drilling) for days 0-13. After 
drilling, experimental eggs lost water at a rate of about 1500 mg per day 
and, with a water vapor pressure difference of 5.59 kPa in the dry 
incubator at 37.5° C, their conductance was 268.3 mg.day'l.kPa'l, 
a 2.3 fold increase. Earlier experiments in which water vapor conductance 
or water vapor pressure difference was increased separately produced rates 
of water loss which resulted in less than 20% loss of initial egg mass and 
no significant change in wet mass of the embryo. 
Wet embryo mass showed significant differences between control and 
experimental eggs after day 17 (Fig. 1); however, dry embryo mass was not 
different between groups. Hatching success for control eggs which lost 
12.5% of their initial mass was 85 ± 8% compared to 20.5 ± 7% for 
experimental eggs which lost 25.1% of their initial mass. No difference 
Fig. 1. Embryo wet (left panel) and dry (right panel) mass as a 
function of incubation age for control (•) and water-stressed 
(0) eggs. * P < 0.05; ** P < 0.01 (ANOVA). Sample sizes (N) 
are indicated near each standard deviation (s.d) bar. 
Means ± s.d. 
Incubation Age (days) 
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in total length of incubation (day 0 until the top of the shell was 
removed by the chick) was shown between groups (EXP = 21.1 ± 0.20 days; 
CONT = 21.2 ± 0.15 days). 
Wet and dry yolk and albumen mass decreased at a similar rate in 
experimental amd control groups (Fig. 2). The water content of the yolk 
was about 49-53% of wet mass for both groups during the last half of 
incubation. The water content of albumen remained at 60-65% for both 
groups during the last half of incubation. Rates of oxygen consumption, 
carbon dioxide production and the calculated respiratory quotients were 
not different between groups (Fig. 3). Total oxygen consumed from day 10 
to day 19 was also not different between groups. Control eggs consumed 
3,767 ± 455 cn^ O2; water-stressed eggs consumed 3,760 ± 739 cm^ O2. 
The ratio of embryo wet mass to initial egg mass (the percent 
of initial egg mass converted to wet embryo mass) on day 20 did not show 
differences between experimental and control groups until after about 20% 
of initial egg mass was lost (Fig. 4). The ratio of embryo dry mass to 
initial egg ma^s on day 20 was not changed with increased egg water loss. 
Water loss exce tding 20% of initial egg mass caused increased mortality and 
subsequent dehydration of the embryos. 
The gizzard and heart showed no differences in wet or dry mass 
between groups (Table 1). The dry masses of right leg and liver were also 
unaffected by increased water loss, but the wet mass of these tissues 
displayed significant differences between groups (Fig 5). Wet liver mass 
of water-stressed embryos was significantly greater that that of controls 
Fig. 2. Yolk (upper panel) and albumen (lower panel) wet and dry 
mass as a function of incubation age for control (•) and 
water-stressed (O) eggs. All means compared between groups 
on the same days were not significantly different using 
ANOVA. Means ± s.d. 
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Fig. 3. Oxygen consumption (V O2), carbon dioxide production 
(V CO2) and calculated respiratory quotients (RQ) as a 
function of incubation age for control (•) and water-
stressed (0) eggs. All means compared between groups on 
the same days were not significantly different using ANOVA. 
RQ = volume of CO2 produced per unit time divided by 
volume of O2 consumed per unit time. Means ± s.d. 
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Fig. 4. Day 20 wet and dry embryo mass of individual control (0) 
and water-stressed (0) eggs as a function of % of initial 
egg mass lost through day 20 of the incubation period. 
Embryo mass is expressed as % of initial egg mass to 
normalize for variation in individual egg mass. Percent 
of initial egg mass lost was calculated as (initial egg 
mass - day 20 egg mass/initial egg mass) and represents the 
relative amount of water lost by an egg through day 20 of 
the 21 day incubation period 
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Table 1. Selected tissue masses, water contents and lengths of tarsometatarsus of embryos 
from control and water-stressed eggs 
Initial Gizzard Gizzard mg HoO^ % HpO Heart Heart mg H2O % HoO 
N Egg Mass Wet Dry in Giz in Giz Wet Drv in Hrt in Art 
Means (gm) (mg) (mg) (mg) (mg) 
± SD 
Day 15 8 62.7 ± 3.2 ^  264 ± 125 35 ± 28 229 ± 98 88.7 77 ± 14 6 ± 5 71+13 92.8 
CONTROL +5.8 +7.5 
Day 15 9 61.7+2.9 242+ 82 24+20 218+ 68 91.0 77 ± 16 6+4 72+15 92.7 
EXPERIM +6.3 +5.7 
Day 17 8 67.4 + 4.0 563 + 232 81 + 44 48"l ± 189 8675 125 + 26 11 + 4 114 + 24 90" 
CONTROL " +3.0 ±3.0 
Day 17 9 67.5+3.5 507+178 74 ± 37 433+142 86.1 115+18 9+6 106+16 92.0 
EXPERIM +3.4 +4.5 
Day 18 8 63 .3 + 2 .9 625 + 182 88 + 36 536 + 147 86 .3 135 + 23 14 + 6 121 + 23 89 .0 
CONTROL +2 .5 ±4 .6 
Day 18 9 63 .7 + 2 .6 695 + 265 104 + 45 591 + 222 85 .4 135 + 44 13 + 10 122 + 37 91, .0 
EXPERIM ±2. 5 ±5 .3 
Day 19 9 62. 6 + 3 .7 931 + 245 131 + 47 800 + 200 86 .2 151 + 21 13 + 6 138 + 25 90. 7 
CONTROL ±2. ,0 ±5, .6 
Day 19 9 64. 5 + 4. 0 816 + 253 108 + 48 708 + 206 86. ,7 143 + 57 12 + 10 132 + 44 91. ,6 
EXPERIM ±2. 0 ±6. ,0 
Day 20 10 62. ,9 + 3. 6 1093 + 339 155 + 70 937 + 271 86, .3 175 + 23 19 + 8 157 + 23 89. 4 
CONTROL ±2. .4 ±3. 9 
Day 20 9 64. 0 + 3. 5 1104 + 299 175 + 53 928 + 251 84. 0 159 + 40 20 + 9 139 + 32 87. 9 
EXPERIM ±1. 9 ±3. 1 
of H^O in tissue equals wet mass - dry mass. 
H^O in tissue equals (1 - (dry mass/wet mass)). 
"^All values are means ± s.d. 
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after day 17. Wet leg mass of water-stressed embryos was significantly 
less than that of controls after day 18. The length of the 
tarsometatarsal bone was not significantly different when compared to 
controls on selected days of incubation (Table 1). 
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DISCUSSION 
The increase in wet weight (i.e. growth) of the precocial avian 
embryo is sigmoidal (Vleck et al., 1980). Hatchling mass is correlated with 
two factors. First, the initial mass of the egg accounts for a significant 
amount of variation in embryo mass (Ricklefs et al., 1978; Tullett and 
Burton, 1982); large chicks are produced from large eggs. These large 
chicks appear to have a higher water content and possibly a higher 
survivability than chicks produced from small eggs (Parsons, 1976). The 
smaller surface to volume ratio of large eggs may allow them to lose less 
water per unit of incubation time; extra water may then be incorporated 
into embryonic tissue (Ricklefs et al., 1978). Effects of initial egg mass 
on results of this study were reduced by pairing control and experimental 
eggs by initial mass when sampled and by using eggs that ranged in initial 
mass by only seven grams. Covariate analysis further showed that these 
procedures reduced the effect of differences in initial egg mass. 
The second factor influencing hatchling mass is the rate of water 
loss during incubation (Simkiss, 1980b; Tullett and Burton, 1982). 
Metabolic water is produced as yolk is metabolized during growth (48 mg 
H2O per gram fresh egg mass; Ar and Rahn, 1980) and this water is added to 
the total internal fluid volume of the egg. A fraction of this total 
volume of water must be lost to maintain an internal water concentration 
at hatch that is equal to fresh egg weight water content (Ar and Rahn, 
1980) and to achieve optimal hatching success (Barott, 1937; Lundy, 1969). 
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The amount of water lost equals about 12% of initial mass for best 
hatching success for the chicken egg. Although water loss averages about 
15% of initial mass for the eggs of many wild birds, the amount of water 
that needs to be lost for maximal hatching success is not known. 
The variation in rates of daily water loss in chicken eggs is 
substantial (Tullett and Deeming, 1982). Water loss from eggs of the same 
wild species under natural incubation conditions also varies (Hoyt, 1979). 
Assuming an average variation of 25% in water vapor conductance within a 
species, Hoyt (1979) calculated that one third of the eggs will have a 
water loss which is less than 11% or greater than 19% of the initial egg 
mass. Thus, many eggs in nature (one out of six) will experience a 
relatively high rate of water loss and may need ways of regulating their 
internal fluid environment. 
We have shown that water-stressed chicken embryos, those produced 
from eggs that lose more than 20% of their initial mass, are smaller than 
control embryos whose eggs lose less than 20% of their initial mass. The 
embryos weigh less because they have a lower water content, not because 
they grow more slowly. The reduction in total body water content of the 
experimental embryos may be due to a decrease in the water content of leg 
muscle or leg skin tissue. The conclusion that the rate of growth is 
unaffected is strengthened by the observation that there are no 
differences between groups with respect to oxygen consumption, yolk and 
albumen weights, dry masses of embryo and organs, and length of the 
tarsometatarsus. The decreased hatching success for water-stressed 
34 
embryos indicates that the ability of the embryo to regulate its internal 
fluid environment in the face of a high rate of water loss was also 
decreased. The utilization of muscle or skin water may represent a last 
attempt to maintain the osmotic constancy of embryonic fluids. 
We observed an increase in water content of liver tissue from embryos 
that experienced increased water loss. We speculate that, since the 
percent water content of a tissue is inversely related to its maturity 
(Ricklefs, 1979; Ricklefs and Webb, 1985), the leg muscle tissue may 
develop faster than or at the expense of liver tissue. Another 
possibility may be that the liver is the site of increased metabolic water 
production in the dehydrated embryo. We conclude that the embryo does not 
respond to a change in the amount of water available inside the egg by 
altering its growth rate. 
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SECTION II. EMBRYONIC OSMOREGULATION: CONSEQUENCES OF 
HIGH AND LOW WATER LOSS DURING INCUBATION 
OF THE CHICKEN EGG 
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ABSTRACT 
The rates of water loss of domestic chicken eggs were varied during 
incubation to measure the osmoregulatory ability of the avian embryo. Egg 
water loss was increased by drilling holes in the eggshell over the 
airspace on day 13 (I = 21 days) and then placing these eggs in a low 
relative humidity (r.h.; 0-10%) incubator until hatch. Egg water loss was 
decreased by placing other eggs in a high r.h. (85-90%) incubator on 
day 0. In a previous study (Davis and Ackerman, 1987), eggs with high 
water loss (above 20% of initial fresh mass (IFM)) had a hatching success 
of 21% and the day 20 embryos weighed 4 gm less in wet mass when compared 
to controls. In contrast in this study, eggs with low water loss 
(~6% of IFM) produced embryos and yolks that were not different in wet 
or dry mass compared to control eggs that lost "12% of IFM. However, 
1-4 gm of excess albumen were left in these eggs on day 21. Hatching 
success was 71% and 89% for low and control eggs respectively. Low egg 
water loss did not appear to disturb embryonic growth. The allantoic 
fluid volume declined faster with high and slower with low rates of water 
loss. Millimolar allantoic Na"^ and CI" ions declined at faster rates with 
high water loss after day 12. Thus, excess water is lost as a result of 
increased movement of water out of allantoic fluid, which is due to 
increased active transport of Na"^ ions by the chorioallantoic membrane 
(CAM). Eggs with high water loss had elevated CI" levels after day 17 
in plasma and amniotic fluid, which indicated a period of osmotic stress 
after depletion of allantoic fluid between day 18 and hatch. The decrease 
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in wet embryo mass measured in embryos from high water loss eggs was due 
principally to dehydration of skin. Embryonic skin may serve as an 
emergency water reservoir during osmotic stress. Dehydrated chicks 
produced from high water loss eggs were 6 gm less in wet mass at hatch. 
However, these chicks regained the water deficit by 7 days after hatch and 
grew at a rate not different from control chicks through 6 weeks of age. 
These results show that the regulation of allantoic fluid volume and ion 
content, and the action of the CAM surrounding it are the integral 
components of the osmoregulatory system of the chick embryo. Egg water 
losses totalling 12% of IFM result in proper, careful developmental timing 
and balance between volume and ion content of allantoic fluid. Water 
losses between 6 and 20% of IFM do not appear to adversely affect the 
development of the chick. However, increased water loss above 20% of IFM 
prolongs the period of osmotic stress due to early depletion of allantoic 
fluid and dehydrates blood, amniotic fluid and embryonic skin. 
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INTRODUCTION 
The total amount of water present inside the avian egg at a given 
moment during incubation is a function of two processes. First, the loss 
of water by diffusion through pores in the shell decreases the water 
content steadily during incubation (Paganelli, 1980). Second, the 
oxidation of yolk lipids produces metabolic water that is added to the 
total volume of the egg (Ar and Rahn, 1980). If incubator temperature is 
held constant, the rate of metabolic water production in the chicken egg 
will remain constant (Romanoff and Hayward, 1943; Romanoff, 1959). Thus, 
the most important process that determines the amount of water inside the 
egg is the loss of water by diffusion across the eggshell (Tullett and 
Burton, 1982). Daily egg water loss is the product of water vapor 
conductance across the shell and the difference in water vapor pressure 
between the inside and the outside of the eggshell. Eggs from the same 
species experience variation in eggshell porosity (Hoyt, 1979; Tullett and 
Deeming, 1982) which affects water vapor conductance and ultimately the 
internal water content of the egg. The tolerance of the developing embryo 
inside the egg to high rates of water loss and decreased amounts of water 
around it may be quite limited early in incubation (Snyder and Birchard, 
1982) but this tolerance may increase as the adult osmoregulatory systems 
begin to mature and function during the last week of incubation (Simkiss, 
1980a; Doneen and Smith, 1982a,b; Murphy et al., 1982; Murphy et al., 
1986). 
Domestic chicken eggs have the highest hatch success when they lose 
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about 12% of their initial fresh mass during incubation (Fig. 1; Barott, 
1937; Lundy, 1969). However, hatch success declines only slightly when 
eggs lose between 10-16% of fresh mass and hatchling wet mass is unaffected 
when eggs lose between 10% and 19% of initial mass during incubation. 
Losses in excess of 19% of fresh mass resulted in embryonic dehydration and 
low hatch success (Davis and Ackerman, 1987). However, little is known 
about the consequences of low rates of water loss (< 10%) on internal 
embryonic osmotic conditions. 
Romanoff (1929) reported that high humidity favored embryonic growth 
but caused high mortality just before hatching. Many chicks failed to 
break the shell or after breaking, failed to escape the shell. Tazawa et 
al. (1971) covered part of the eggshell with epoxy cement to reduce gas 
exchange and reported low hatch success in eggs treated in this manner. 
They suggested that embryos were severely depressed metabolically by 
excessive CO2 accumulation and O2 deficiency. Burton and Tullett (1982) 
showed that low shell water vapor conductance resulted in no significant 
difference in wet and dry masses of yolk or embryo at hatch. Hoyt (1979) 
measured changes in fluid compartment ion contents and volumes from eggs 
with low (~6%) rates of water loss. His data taken on day 17 showed 
highest allantoic volume (~6 ml) with 6% loss of initial mass compared 
to lower volumes with higher rates of water loss. There was no significant 
effect on embryonic water content with different rates of water loss. 
Thus, osmoregulation must occur in eggs that have lost increased or 
decreased amounts of water to enable normal embryonic growth and 
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incorporation of water. How are the osmotic conditions inside the egg 
regulated to preserve embryonic growth and water content? 
Hoyt (1979) incubated eggs at several humidities to vary water loss 
and internal water content. By examining ion levels in plasma, allantoic 
fluid and amniotic fluid on day 17 (incubation period for chicken eggs 
equals 21 days), he suggested that the chorioallantoic membrane (CAM) 
actively transported sodium ions with water following passively from the 
allantoic fluid into the blood. He suggested that possible dehydrating 
effects on the embryo caused by excess egg water loss could be minimized 
by recycling water via osmoregulation by the CAM. Our data showed no 
change in embryo water content when eggs lost 10-19% of fresh mass, which 
support his conclusion (Davis and Ackerman, 1987). Other recent studies 
have described the Na"*" ion transport ability of the CAM in detail (Graves 
et al., 1986) and have emphasized its importance in regulating the water 
and ion content of extraembryonic compartments inside the egg. However, 
many previous studies were conducted under standard incubator humidity 
("55%; Stewart and Terapka 1969; Kyriakides and Simkiss, 1975; Saleuddin 
et al., 1976; Graves et al., 1986) and did not take into consideration the 
extensive variation in water loss that is commonly found in all sets of 
eggs. Hoyt (1979) used several humidity levels but only sampled on 
day 17. Other studies have shown that increased eggshell porosity 
dehydrates the embryo (Tullett and Burton, 1982; Burton and Tullett, 1982; 
Davis and Ackerman, 1987) but the ontogeny of the specific internal fluid 
conditions (Simkiss, 1980b) that may produce variations in chick water 
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content and hatch success have not been examined in detail. Moreover, 
experimental evidence is needed to assess the extent or range of the 
osmoregulatory ability of the CAM in ovo and the response of the 
membrane, if any, to variation in water content of the egg during 
incubation. 
This study has measured the effects of increased and decreased egg 
water loss during the last week of incubation on the volume of allantoic 
fluid, on sodium and chloride levels in allantoic fluid, amniotic fluid 
and blood, on embryonic water content and posthatch chick survival. The 
following hypotheses were tested: 1) If excess water is lost as a result 
of increased movement of water out of allantoic fluid (Hoyt, 1979), the 
rate at which sodium is moved out by the CAM must increase. 2) High water 
loss affects blood and amniotic fluid ion content only after allantoic 
fluid volume has been depleted. 3) The decrease in wet leg tissue 
measured in water-stressed embryos that lost more than 19% of their fresh 
mass (Davis and Ackerman, 1987) is due principally to dehydration of skin. 
A) Excess water inside the egg due to low water loss during the last half 
of incubation has no effect on embryonic growth as excess water is left 
behind in an extraembryonic compartment. 
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MATERIALS AND METHODS 
Fresh, fertile domestic chicken eggs were obtained from the 
• Veterinary Medical Research Institute at Iowa State University and from 
Hoover's Hatchery in Rudd, Iowa. Eggs were weighed upon arrival in the 
laboratory with an electronic balance. Some eggs were placed in a forced 
air incubator (GQF Manufacturing) at 37.5 ± O.SOC (mean ± s.d.) and 
relative humidity (r.h.) of 55 ± 3% (control humidity). Other eggs were 
placed in another forced air incubator on day 0 at 37.5 ± 1°C with a r.h. 
of 85 ± 5% to produce low water loss. Eggs were turned automatically six 
times daily. Eggs were weighed again on day 10 to monitor water loss and 
candled to monitor embryonic development. On day 13 5 to 8 holes, 1 mm 
in diameter were drilled through the shell over the airspace on day 13 to 
increase water loss (Davis and Ackerman, 1987). Eggs with holes were 
placed in another forced air incubator at 37.5 ± 0.5°C and 10 ± 3% r.h. to 
further increase water loss. These eggs remained in the dry incubator for 
the remainder of the incubation period. Eggs without holes remained in 
the original incubator as the control group. Eggs were sampled on various 
days in the last half of the incubation period by pairing each 
experimental egg with a control egg of similar initial egg mass. This 
process minimized variation in results due to differences in initial egg 
mass. The eggshell over the air space was removed, the CAM opened and the 
egg contents poured onto a wire mesh which allowed allantoic and amniotic 
fluid to drain away. The embryo, yolk with yolk sac and albumen were then 
separated and the wet and dry masses were measured. Dry mass was obtained 
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by drying samples in an oven at 60°C until no further loss of mass 
occurred. The increase in length of the tarsometatarsus was measured as 
an indicator of growth. Results are reported only for living embryos and 
hatchlings. Hatching success was determined by dividing the 
number of hatchlings on day 20-21 by the number of viable eggs on day 12 
that were not subsequently used for mass determinations. Survivability of 
eggs was calculated as the number of living embryos divided by the total 
number of eggs set on day 0. 
Fluid Sampling and Volume Determination - Allantoic fluid volume was 
measured using isotope dilution of [methoxy-%]-inulin (specific 
activity: 384.7 mCi/gm; New England Nuclear). The eggshell above the 
airspace was removed and 25 nl of inulin solution. (100,000 cpm/ 25 nl) 
were injected using a micromanipulator through the chorioallantoic membrane 
into each egg to be sampled that day. Parafilm was placed over the egg 
opening and all eggs were returned to the incubator for 45 rain to allow 
mixing of radioactivity in the compartment. Preliminary tests showed no 
change in inulin volume determinations with 30 or 60 min mixing times. 
Non-specific binding of inulin was minimal, since no differences 
in volume were calculated when 2 mM unlabelled inulin was included in the 
isotope injection solution. Allantoic fluid was sampled after 45 min by 
tearing a small hole in an avascular area of the CAM and removing 100 (il of 
fluid with 22 guage needle into a calibrated 500 pi Hamilton syringe. 
This volume was placed in a scintillation vial, 4 ml of Biofluor (New 
England Nuclear) liquid scintillation fluid added and radioactivity counted 
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in a Model 1217 Rakbeta liquid scintillation counter (LKB Wallac). Several 
other methods for measuring allantoic fluid volume were attempted without 
success. A known concentration of Congo Red dye was injected through 
the chorioallantoic membrane but attempts to accurately and repeatably read 
spectrophotometric absorbance of sampled solutions were unsuccessful due to 
excessive opaque cloudiness of dissolved uric acid in many samples after 
day 14. We also used D-[l-^H(N)]-sorbitol (New England Nuclear) for 
volume determination but radioactivity of samples continued to decline one 
hour after isotope injection, which suggested movement of sorbitol out of 
the compartment. Though amniotic fluid ion content was measured, attempts 
to measure amniotic fluid volume were unsuccessful due to the extreme 
fragility and leakiness of the amniotic membrane. 
Blood Sampling Procedure - Embryonic blood was collected by 
removing thn shell over the air space with a circular cutting blade 
attached to a rotary electric drill. The opaque chorioallantoic membrane 
was blotted with a small drop of mineral oil which cleared the membrane to 
allow visualization of the underlying vasculature. The chorioallantoic 
membrane was torn and the contents of the egg poured onto a wire mesh which 
allowed the allantoic fluid to drain (Hoyt, 1979). The chorioallantoic 
artery arising from the embryo carrying venous blood to the shell membranes 
was located and punctured with a hypodermic needle. Blood samples were 
collected into nitric acid-cleaned, unheparinized, 2.0 ram O.D, 
aluminosilicate capillary tubing (Corning 1720). When a sample was taken, 
the tube was dipped briefly in mineral oil to create an oil cap at one end; 
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after blood was collected, the other end of the tube was sealed with 
Critoseal clay. This procedure exposed blood to air for 15 sec maximum 
during sampling which minimized red cell ion exchange and slowed clotting. 
Tubes (2-3/egg) were spun in a microcentrifuge for 6 min within 25 min 
of sampling. Hematocrit was read after centrifugation. The plasma portion 
of each tube was aspirated into a 5 ml petri dish filled with mineral oil 
which effectively sealed the plasma droplet from air for the 
rest of the experiment. Total osmolality of other plasma samples was 
measured with a freezing point osmometer (Model 3W; Advanced Instruments, 
Inc.). Blood from hatchlings was taken from the neck jugular vein. All 
blood samples were taken from venous vessels. 
Ion-sensitive Microelectrode Procedures - Ion-sensitive 
microelectrodes were used to measure fluid and plasma Na+, CI" and K"*" ion 
activities. Electrodes were pulled from nitric acid-cleaned, omega-dot, 
1.5 mm O.D., borosilicate glass capillary tubing (Glass Co. of America). 
Blank electrodes filled with 3 M KCl had resistances of 5-7 MQ. 
Electrodes were silaned by prebaking at 200°C for 2 hr, exposed to 
hexamethyldisilazane (Sigma) vapors for 30-40 min, and baked for an 
additional 20 min after evacuation of vapors. The cooled, silaned 
electrodes were back-filled with 0.2 pi of sodium-, chloride-, or 
potassium-specific liquid ion exchanger (LIX; WP Instruments). The resin-
filled electrodes were then back-filled with reference solutions of 
0.1 M KCl for K"*" or CI" electrodes, or 0.5 M NaCl for Na"^ electrodes. To 
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minimize the exchanger column length and contact of exchanger with 
reference solution, a second micropipette tip was inserted into the tip of 
the electrode. Reference electrodes were pulled and filled with 5% agar-
3M KCl solution. All ion-sensitive electrodes were calibrated with two 
solutions, spanning the activity range of the sample, before determination 
of ion activities of each experimental sample. The ion-sensitive and 
reference electrodes were lowered with micromanipulators into the fluid 
droplet that was submerged in mineral oil in a petri dish. Ion 
concentrations of unknown samples were determined by matching output 
voltage in mV from the hi-impedance electrometer (FD-223, WP Instruments) 
to a semilog calibration line from the two known concentrations of the 
calibrating solutions. The selectivity coefficient of ion-sensitive 
electrodes was derived by the separate solutions method (Moody and Thomas, 
1971). The selectivity of Cl~-sensitive electrodes was measured by 
preparing standard solutions of KCl and K acid urate (Sigma). A Buchler 
chloridometer was also used to determine the levels of allantoic fluid 
chloride. Allantoic fluid from control, low and high water loss eggs was 
sampled on days 14, 16 and 18. A 400 pi sample was extracted from each 
egg for use in the chloridometer. 
To better compare rates of decline of allantoic sodium and chloride 
with the rates of egg water loss, the average concentrations of Na"^ and 
CI" ions on each day were multiplied by the average allantoic volume on 
that day to determine the number of millimoles of ions remaining in 
allantoic fluid. The millimoles of uric acid present in allantoic fluid 
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were calculated in a similar manner. The difference in concentration 
between the chloride value measured with ion-sensitive electrodes and the 
chloridometer was multiplied by the average allantoic volume for that day. 
This value was then divided by the calculated selectivity coefficient for 
the Cl"-sensitive electrodes to give millimoles of uric acid. 
Leg Tissue Sampling - Wet masses of leg skin, leg muscle, head and 
body were obtained by weighing the tissue immediately after dissection. 
The leg was severed at the knee, all skin was peeled off over the toes, 
the remaining muscle below the knee was removed and wet mass of muscle and 
skin recorded. Dry weights of these tissues were recorded after drying in 
an oven at 60°C until no further loss of weight occurred. 
Posthatch Survival - Control and water-stressed hatchlings were 
weighed 1-6 hr after their escape from the shell. They were placed in an 
animal room with ^  libitum food and water to monitor posthatch growth and 
general viability. Chickens were weighed every 3-4 days until two weeks 
of age and then once per week until six weeks of age. Control and water-
stressed groups of chicks were housed in separate stainless steel cages 
(4 to 5 chicks per cage) in the same room. 
Statistical Methods - All means and their standard deviations 
were compared between experimental groups for each sample day using one way 
analysis of variance (ANOVA) from the Statistical Analysis System (SAS). 
Average sample size for all wet and dry mass determinations was N = 15; 
for all blood samples, N = 25; for allantoic and amniotic samples, N = 15. 
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RESULTS 
Chicken eggs with holes lost an average of 11.5 ± 1.6 gm of water by 
day 19, which was equal to 20.4% of their initial fresh mass (IFM). These 
eggs before being drilled with holes on day 13 lost water at a rate of 
349 ± 40 mg/day, which was not different from control eggs. Eggs with 
holes lost water at an average rate of 1060 mg/day after day 13 through 
day 19. These eggs were used to sample allantoic fluid, amniotic fluid 
and plasma. Control eggs incubated at 55% r.h. lost an average of 6.5 gm 
of water by day 20 (325 mg/day) equal to 11.9% of IFM. Eggs incubated at 
85% r.h. for the duration of the incubation period lost an average of 
3.1 gm of water by day 20 (165 mg/day) equal to about 5.9% of IFM. 
Survivability was high and not different for low water eggs (Fig. 2a) 
compared to controls (Fig. 2b) through the first 18 days of incubation. 
However, mortality of embryos from low water loss eggs increased on days 19 
and 20 which accounted for the observed decrease in hatching success. 
Hatching success was 70.6% and 89.2% for eggs with low and control rates of 
water loss respectively (Table 1). Some embryos from low water loss eggs 
that did not hatch had pipped the shell, but showed no further progress 
toward hatching. Other chicks that did not hatch were observed sitting in 
the shell, breathing at normal rates but unable to escape the shell. 
Excess albumen found in low water loss eggs was located in the pointed end 
of the eggshell opposite the air cell and did not appear to interfere with 
initial respiratory function. Wet and dry masses of embryos (Fig. 3a) 
and yolk (Fig. 3b) of control and low water loss eggs were not different 
Table 1. Total egg water loss, hatch success and length of tarsometatarsus from 
control and low water loss chicken eggs 
Water Loss Hatch Success Tarsometatarsal Length 
(cm) 
(gm H„0) (% I FM) (%) Day 12 Day 17 Day 21 
Control 6.5 ± 0.7 11.9 ± 1.3 89.2 0.76 ± 0.06 1.50 ± 0.13 1.96 ± 0.1 
Low Loss 3.1 ± 0.3 5.9 ± 0.7 70.6 0.76 ± 0.07 1.54 ± 0.06 1.99 ± 0.1 
^%IFM = percent of initial fresh egg mass. 
Values shown are means ± s.d. 
Fig. 1. Hatching success of chicken eggs as a function of percent of 
initial egg mass lost during incubation. Percent of 
initial egg mass was calculated as (initial egg mass -
day 20 egg mass/initial egg mass) and represents the 
relative amount of water lost by an egg during incubation 
Redrawn from Barott (1937) and Ar and Rahn (1980) 
Fig. 2. Survival (%; left axis) and percent loss of initial chicken 
egg mass (right axis) as a function of incubation ages for 
low (A), control (B) and high (C) water loss eggs. 
Histogram represents average percent of initial eggs 
surviving on that day with hatch successes on day 21 of 
70.6% (A), 89% (B) and 25% (C). Solid lines inside each 
histogram represent the total percent of initial egg mass 
lost during incubation. Total water loss equalled 6.5% (A), 
11.9% (B) and 27% (C) 
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Fig. 3. Effects of low egg water loss on wet and dry masses of 
chick embryo (3a), yolk (3b) and albumen (3c) of control (•) 
and low water loss (O) eggs as a function of incubation 
age. All means were compared between groups on the same 
days using ANOVA. Average N for all data points was 15. 
P < 0.05; **, P < 0.01. All data points shown here and 
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when compared during the last week of incubation. All embryos showed 
normal growth rates as evidenced by the rate of addition of wet and dry 
mass, normal water content (wet - dry mass) and increase in length of 
tarsometatarsal bone (Table 1) including hatchlings on day 21. However, 
albumen wet and dry masses of low water loss eggs were significantly 
higher after day 16 through day 18 (Fig. 3c). Excess albumen (1-4 gm) was 
left inside the egg whereas control embryos absorbed all albumen 
completely by day 17. 
Allantoic fluid volume declined from a peak of 10.5 ± 1.2 ml on 
day 12 to 3.8 ± 1.0 ml by day 19 in control, eggs (Fig. 4a). Eggs that 
lost excess water showed a more rapid decline in allantoic volume compared 
to controls. Allantoic fluid volume was below 3 ml after day 17 and less 
than 1 ml and difficult to measure by day 19 in all high water loss eggs. 
The pattern shown of increased rates of decline of allantoic fluid 
reflects the increased rate of water loss (Fig. 2). Allantoic fluid 
volume was not significantly different on day 12 in low water loss eggs 
compared to control eggs indicating that low water loss did not affect the 
rate of accumulation of allantoic fluid prior to day 12. Allantoic fluid 
volume declined at a slower rate and was significantly higher in low water 
loss eggs when sampled after day 12 through day 19. The decreased rate of 
decline of allantoic fluid volume also reflects the lower rate of water 
loss compared to control eggs. 
Allantoic Na"^ concentrations declined from peak values on day 14 to 
low values for all eggs on days 16 and 17 (Fig. 4b). However, 
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concentrations increased in high water loss eggs only on day 19. This 
increase may be due to the rapid decline in allantoic volume (Fig. 3a) 
that occurs on day 19. Initial measurements of allantoic CI" levels with 
ion-sensitive electrodes showed dramatic increases in high water loss and 
control eggs (Fig. 4c). Low water loss eggs had elevated CI" levels but 
were significantly lower than eggs in the other two groups. Since Cl"-
sensitive LIX is sensitive to not only halide ions but also to organic 
ions (Walker, 1980) and uric acid is known to accumulate in the allantoic 
fluid (Clarke and Fischer, 1957; Romanoff, 1959), the selectivity of Cl"-
sensitive electrodes to uric acid was tested. Using the separate solution 
method, a selectivity coefficient of 17.6 of uric acid over CI" ions was 
calculated, which indicated that the Cl"-sensitive electrode was more 
sensitive to uric acid than to CI" ions. In other words, 3 mM K acid 
urate produced the same mV output as 53 mM KCl. In contrast, Na^-
~sensitive electrodes had a selectivity coefficient of 0.02 for K"^ ions 
over Na"*" ions, which indicated that the Na'^-sensitive electrode would need 
50 times as many K"*" ions in a sample to give an equal electrical signal as 
Na"^ ions. Samples of allantoic fluid measured with the chloridometer 
showed decreasing levels of CI" ions after day 14 (Fig. 4d) as reported by 
other previous studies (Stewart and Terepka, 1969; Doneen and Smith, 
1982a,b; Murphy et al., 1986). Eggs with low rates of water loss did not 
show elevated readings with the Cl"-sensitive electrode indicating a lower 
influence of uric acid in the allantoic fluid of these eggs (Fig. 4c). 
Eggs with high and control rates of water loss had much higher CI"-
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sensitive electrode readings indicating a more important influence of uric 
acid. However, simultaneous tests of allantoic fluid total 
osmolality (Fig. 4g) showed uric acid did not contribute as an active 
osmotic component because it precipitates as water is lost from the 
allantoic compartment. 
Allantoic fluid total osmolality (Fig. 4g) declined in all eggs from 
day 14 to 16 but rose on day 18 in control and high water loss eggs. The 
initial fall may reflect the removal of ions by CAM transport and uric 
acid binding. The rise after day 16 may reflect the concentration of ions 
due to the decline in volume and initiation of CAM atrophy and decreased 
function. The calculated unbound millimolar amounts of allantoic uric 
acid in solution appear to be similar on day 16 in all eggs (Fig. 4f). 
However, when the volume of allantoic fluid was taken into account, the 
concentrations are different. High water loss eggs on day 16 have average 
concentrations of allantoic fluid uric acid of around 27 mM which is very 
close to the maximal solubility of uric acid ("30 mM; McNabb and McNabb, 
1980). This suggests that precipitate formation is higher with high water 
loss since the uric acid is at maximum solubility. Control water loss 
eggs had average uric acid concentrations near 18 mM. Low water loss eggs 
had average concentrations of 12 mM uric acid. The clear allantoic fluid 
observed in most low water loss eggs during the last week of incubation 
suggests decreased uric acid precipitate formation. The slope or rate of 
decline of millimolar allantoic Na"*" in high water loss eggs was greater 
from day 12 to day 14 than that found for control eggs (Fig. 4e; Table 2). 
Fig. 4. Effects of variable egg water loss on chick embryo 
allantoic fluid as a function of incubation age. Fig. 4a 
shows the decline in allantoic fluid volume. Figs. 4b and 
4c show allantoic fluid Na"^ and Cl~ ion 
concentrations respectively which were measured with ion-
sensitive electrodes. Fig. 4d shows allantoic fluid CI" 
ion concentrations which were measured with a chloridometer 
Data in Figs. 4e and 4f are plots from average data points 
converted from Figs. 4a, 4b and 4c (volume x concentration 
raillimoles). Fig. 4g shows total osmolality of allantoic 
fluid. All means were compared between groups on the same 
days using ANOVA. Average N for all data points in Figs. 
4a, 4b and 4c was 15. Average N for data points in Figs. 
4d, 4e, 4f and 4g was 10. HI = high water loss; CON = 
control water loss; LO = low water loss; *, P < 0.05; **, 
P < 0.01 
4a 
** 
** 
Days  
600 4c 
500 
400 
S 
E 
300 
o 
CON/ 200 * « 
* 
100 m m 
4b 
150 
S 
E COM 
100 LO 
• 
o 
Z 
50 
O 
4d LO 50 
KT 
UJ 
\ COW 
30 
HI \  
o 
10 
i 1 
Days 
4e 
-V 
_o 
X LO 0.9 
E0.7 
0.5 
V 
0.3 
o — — o. 
0.1 
-o 03 
CON 
16 14 12 18 
Days 
Fig. 4. (Continued) 
0.11 
0.09 
0.07 
/CO 0.05 
-o / 
/ 
0.03 
o 4f  0.01 
HI / 250 
CON 
LO 
150 1 I 
Table 2. Rates of change of allantoic sodium and chloride in chicken eggs with 
high, low and control rates of water loss during days 12-18 of incubation 
High Water Loss Control Water Loss Low Water Loss 
Days Na CI Na CI Na CI 
12-14 -0.30^ ND 1 o
 
ND +0.05 ND 
14-16 -0.24 -0.12 -0.27 -0.092 -0.25 -0.087 
16-18 -0.28 +0.005 -0.104 -0.084 -0.49 -0.09 
^Slopes were calculated from data in Fig. 4e as changes in ion content for 
each of the two day periods. 
63 
The slope of millimolar allantoic Na"^ in low water loss eggs increased 
compared to control between day 12 and 14. The rates of decline of Na"^ 
and CI" ions between days 14 and 16 were similar in all eggs. Though 
allantoic CI" level was not measured on day 12, we predict that its 
transport should be closely related to that of Na"^ ions resulting after 
day 14 in low millimolar allantoic CI" with high water loss or high 
millimolar allantoic CI" with low water loss. 
The Na"^ and CI" activities of the amniotic fluid were measured with 
ion-sensitive electrodes. Amniotic CI" concentration remained constant in 
experimental and control eggs from days 12 through 16. On days 17-19 in 
high water loss eggs, the CI" concentration became elevated (Fig. 5a). 
Low water loss eggs had amniotic CI" levels that were not different from 
controls, but were significantly higher on day 19. The level of amniotic 
Na"^ level was stable and not significantly different from controls 
throughout the last week of incubation in all eggs tested (Fig. 5b). 
Plasma Na"*", CI" and K"*" activities were also measured with ion-
sensitive electrodes. Plasma Na"^ concentrations of low and high water 
loss eggs were not different from control eggs before day 18. However, 
concentrations were significantly elevated above control eggs in high 
water loss eggs only on days 19 and 20 and were significantly lower than 
controls in low water loss eggs also on days 19 and 20 (Figs. 6a). But on 
day 21, hatchlings from both experimental groups had plasma Na"*" levels 
that were not different from control hatchlings. Plasma CI" levels 
reflected the amount of water lost by experimental eggs. Eggs with holes 
Fig. 5. Effects of variable water loss on chick embryo amniotic 
fluid CI" (5a) and Na"*" (5b) as a function of 
incubation age. Average N for all data points was 12. 
See Fig. 4 for labels and comparisons used here 
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that lost 15-20% of IFM had plasma Cl~ concentrations that were not 
different from control eggs that lost 10-12% of IFM. However, eggs that 
lost more than 20% of IFM had elevated plasma CI" levels. The trials 
shown in Fig. 6b averaged 26% loss of IFM. Plasma CI" levels were 
significantly higher than controls after day 17 and remained elevated even 
in hatchling blood. Low water loss eggs had plasma CI" levels that were 
not significantly different from control eggs. Plasma K"*" levels were 
significantly elevated only on days 19 and 20 in eggs that lost 24% of IFM 
compared to controls that lost 11.4% of IFM (Fig. 6c). Hematocrit was 
also unaffected by water losses below 20% of IFM but became significantly 
elevated after day 17 through day 20 when eggs lost an average of 26% of 
IFM (Fig. 6d). Hematocrit and plasma osmolality were not different in low 
water loss eggs compared to control eggs. Plasma total osmolality was 
different between groups after day 18 when high water loss eggs showed 
significantly elevated values (Fig. 6e). 
Wet and dry masses of tissues from high water loss and control eggs 
were compared to identify the tissues responsible for the decrease in wet 
mass of embryos from high water loss eggs. High water loss eggs in these 
trials lost 16.9 gm of water by day 20 equal to 26.6% of IFM. Control 
eggs lost 9.3 gm of water equal to 14.4% of IFM. .The right leg wet mass 
of day 21 dehydrated embryos was 800 gm less than legs of control 
hatchlings (2589 ± 230 mg vs 1782 ± 240 mg). The wet masses of leg skin 
and leg muscle were less in high water loss embryos but dry mass was not 
different (Fig. 7a and 7b). Leg skin was significantly lower in water 
Fig. 6. Effects of variable water loss on chick embryo plasma as a 
function of incubation age. Figs. 6a, 6b and 6c show 
changes in Na+, CI" and K"*" ion concentrations 
respectively. Figs. 6d and 6e show changes in hematocrit 
and total osmolality of plasma respectively. Average N for 
all data points was 25 for high loss and 12 for low loss 
eggs. See Fig. 4 for labels and comparisons used here 
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content (wet - dry mass) on day 17 through day 21. Leg muscle wet mass 
decreased significantly only on days 20 and 21 (Fig. 7b). These two 
tissues accounted for only 17% of the 6 gm deficit in wet embryo mass 
observed in these trials due to high water loss (Table 3). The remaining 
parts of the embryo were analyzed for water content. The wet mass of the 
head was also significantly lower in high water loss embryos after day 19 
(Fig. 7c). This tissue accounted for about 25% of the 6 gm wet embryo 
mass difference. The water content of the body was significantly less 
than controls only after day 19 (Fig. 7d). This tissue was responsible 
for about 58% of the wet embryo mass deficit measured. The dry masses of 
head and body tissues were not different in all comparisons. The total 
water deficit of all these tissues taken together accounted for most of 
the decreased wet mass measured in embryos from high water loss eggs 
(Table 3). 
The survivability and growth of hatchlings from high water loss and 
control eggs after hatch were measured and compared. Chicks produced from 
eggs that lost about 18 gm of water or 27.6% of IFM had hatching masses 
with yolk of 36.8 ± 2.2 gm. Control chicks produced from eggs that lost 
10.5 gm of water or 16.0% of IFM had hatchling masses with yolk of 
A3.8 ±1.7 gm, a 7 gm difference. Dehydrated chicks regained the 
difference in water weight within 7-10 days after hatch to become equal in 
mass with control chicks (Fig. 8). Both groups continued to grow well 
after 2 weeks of age and problems with skin color, skin dehydration, 
feather growth or behavior were not observed. One experimental chick whose 
Table 3. Water balance of control and high water loss chicken eggs 
Control High Water Loss Difference^ 
Total amount of water 9300^ 16900 7600 
lost 
Wet embryo mass 33500 27500 6000 
without yolk 
Water in right leg 495 225 270 X 2 = 540 97.^ 
skin 
Water in right leg 630 410 220 X 2 = 440 7.5% 
muscle 
Water in Head 6100 4600 1500 25.5% 
Water in Body 16560 13160 3400 58% 
Total Water Accounted For 5880 mg 
^Difference = control - high water loss. 
^All values are in mg. 
'"Numbers in percent calculated as quotients of difference/5880. 
Fig. 7. Effects of high egg water loss on wet and dry masses of 
control (•) and water-stressed (0) chick embryo leg skin 
(7a), leg muscle (7b), head (7c) and body (7d) as a function 
of incubation age. Numbers in parentheses represent sample 
sizes on each day and are the same for all four tissues 
sampled. -, P < 0.05; **, P < 0.01 
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yolk sac was punctured at hatch and that weighed only 22 gm total on 
day 21 was able to recover and grow normally though its small size was 
still evident after 6 weeks. All chicks used in this study, 
water-stressed and control, survived to 6 weeks of age. 
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DISCUSSION 
Allantoic Fluid and CAM Ion Transport - The chorioallantoic membrane 
(CAM) with its active transport of Na"^ ions from allantoic fluid into 
blood and the subsequent passive movements of water is currently thought 
to be the major osmoregulatory mechanism of the developing avian embryo 
(Stewart and Terepka, 1969; Hoyt, 1979; Graves et al., 1986). The CAM 
enables recycling of water from allantoic fluid back into embryonic 
circulation to preserve osmotic conditions in blood and in fluid around 
the embryo. The role of the embryonic kidneys, which produce the 
allantoic fluid, and their ability to respond to osmotic stress by 
changing the volume or concentration of urine that is put into the 
allantoic compartment is difficult to measure and is currently unknown. 
Though some evidence for the osmoregulatory actions of endogenously 
applied prolactin, aldosterone and arginine vasopressin has been reported 
(Murphy et al., 1982; Doneen and Smith, 1982a,b; Murphy et al., 1986), the 
actual sites of action and the actual use and importance of these hormones 
to the embryo during development await further research. 
Further experiments jji vitro on CAM ion transport have identified the 
details of this important embryonic osmoregulatory structure (Moriarty and 
Hogben, 1970; Garrison and Terepka, 1972; Kyriakides and Simkiss, 1975; 
Saleuddin et al., 1976; Dunn et al., 1981; Tuan et al., 1986). Graves 
et al. (1986) have shown that the short circuit current (SCC) generated by 
Na"^ movement increases as the CAM and embryo mature with peak SCC values 
occurring on day 18. However, little is known about how the 
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chorioallantois functions when eggs undergo high or low rates of water 
loss during incubation. All previous studies dji vivo and in vitro 
describing the function of this membrane have been conducted on membranes 
taken from eggs incubated at standard relative humidity (~55-60%). Only 
Hoyt (1979) used several different humidities that resulted in a range of 
7-16% loss of IFM. 
Other previous studies have shown that allantoic fluid reaches a 
maximum volume and a maximum Na"^ and CI" ion content on day 12 (Fiske and 
Boyden, 1926; Romanoff and Hayward, 1943; Kugler, 1945; Randies and 
Romanoff, 1950; Murphy et al., 1982). It is at this time that fusion of 
chorionic and allantoic membranes is complete and the transport of Na"*" 
ions by the triple-layered CAM begins (Stewart and Terepka, 1969). 
Evidence for this ion transport is the sharp decline in Na"*" and CI" ion 
concentrations seen in allantoic fluid (Stewart and Terepka, 1969; Murphy 
et al., 1982; McNabb, 1986). The volume of allantoic fluid declines also 
and is thought to be caused by the outside positive membrane potential set 
up by the movement of Na"*" ions (Stewart and Terepka, 1969; Kyriakides and 
Simkiss, 1975). Hoyt (1979) claimed that under dehydrating conditions, 
excess water was lost from the allantoic fluid while the water and ion 
content of the other compartments were preserved. 
We would expect that in order to move water out of the allantoic 
fluid at a higher rate in response to high water loss, the rate of Na"^  
movement out of the allantoic fluid, which is thought to be responsible 
for the movement of water initially, must increase. Our measurements of 
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the changes in allantoic volume with different rates of water loss 
(Fig. 4a) show that indeed volume decreased faster as eggs lost more 
water. Also, in low water loss eggs the volume of allantoic fluid is 
significantly larger than control eggs. Our measurements and calculations 
of millimolar allantoic Na"^ (Fig. 4e) show that high water loss eggs lost 
more total millimoles of Na"^ than control eggs between days 12 and 19. 
These results confirm the first hypothesis: Na"*" transport is increased 
when eggs lose high amounts of water. Furthermore, low water loss eggs 
have a decreased rate of Na"*" transport. 
Further analysis of our results shows that allantoic Na"^ ions seem 
to have an increased slope or rate of decline from day 14 to 18 in all 
eggs compared to CI" ions, i.e., Na"^ ions seem to be moved out in a ratio 
of 2 millimoles for each millimole of CI" ions. CI" ions are thought to 
follow the movement of Na"*" ions across the CAM passively and thus, should 
show rates of decline similar to those of Na'*' ions. An explanation for 
this discrepancy is the high amount of uric acid that is present in 
allantoic fluid of all eggs (Fig. 4f) and the binding of uric acid to 
cations, especially Na'*' ions, which removes them from further osmotic 
influence (McNabb and McNabb, 1975). Thus, the increased rate of decline 
of allantoic Na"*" levels may be due in part to Na'*' binding by uric acid, as 
well as CAM Na'*" transport. 
Plasma and Amniotic Fluid Ion Content - The Na'*" and CI" 
concentrations of embryonic plasma may change immediately after holes are 
drilled to increase water loss or may be regulated by varying the water 
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and/or ion content of another embryonic compartment as proposed by 
Hoyt (1979). He showed that plasma osmolality was not affected by 
variation in water loss but the plasma Na"*" level was affected. 
Furthermore, amniotic fluid ion content may be immediately affected by 
excess water loss or it may be regulated in an attempt to preserve the 
osmotic environment around the embryo. Hoyt (1979) showed that amniotic 
fluid volume and osmolality were not affected by variation in water loss 
but amniotic fluid Na"^ level was changed. The effects of 
higher water loss on embryonic blood here indicates that plasma ions are 
regulated well through day 17. In eggs that lost less than 20% of IFM by 
day 20, the blood was not significantly affected (Davis, unpublished 
data). However, in this study problems developed after day 17 when eggs 
lost over 20% of IFM. Plasma.CI" level and hematocrit were 
elevated at this time and plasma Na"*", K"*" and osmolality soon became 
elevated on days 19 and 20 (Fig. 6). 
The stable, unchanged levels of amniotic Na"*" ions suggest an 
interesting and, as yet, unknown regulatory mechanism. The elevated 
levels of amniotic CI" ions (Fig. 5) may result from the transfer of 
excess CI" ions from plasma. These excess amniotic CI" ions may contribute 
to embryonic dehydration in high water loss eggs. 
These results confirm the second hypothesis that high water loss 
affects plasma and amniotic fluid ion content only after allantoic fluid 
volume has been depleted. It appears that the ion content of these fluids 
are regulated until CAM function begins to deteriorate or until allantoic 
81 
fluid volume is depleted. Though mechanisms for the regulation of Na"*" 
ions have been discussed here, i.e. uric acid binds Na"*" ions and not CI" 
ions, the regulation of CI" ions in embryonic fluids has not been 
identified and its accumulation during osmotic stress may be critical. The 
extreme osmotic stress which occurs after day 17 in high water loss eggs 
may be due to a lack of effective osmoregulatory control during this time. 
The CAM atrophies on day 17 and ceases to function late in day 18 
(Stewart and Terepka, 1969). The period between day 19 and emergence from 
the shell on day 21 is shown here to be a stressful, critical period 
for the avian embryo. High water loss causes a faster decline in allantoic 
fluid volume, which causes the CAM to collapse around the embryo early. 
This prolongs the normally short period of osmotic stress and causes 
embryonic dehydration and increased mortality (Davis and Ackerman, 1987). 
It appears that only after chicks emerge from the shell, i.e., all day 21 
samples shown here were taken from chicks that hatched successfully, are 
the kidneys able to effectively respond to correct the osmotic problems 
created iji ovo. Low water loss eggs do not show signs of osmotic stress 
in their blood or amniotic fluid. 
Tissue Dehydration and Posthatch Survival With High Water Loss -
The decrease in wet leg tissue measured in water-stressed embryos that 
lost in excess of 19% of their fresh mass is due either to dehydration of 
skin or dehydration or slowed growth of leg muscle. Analysis of wet and 
dry masses of leg tissues and body parts of embryos from high water loss 
eggs indicate that, though the muscle of the extremities may contribute to 
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the deficit in wet mass observed, the skin is the major site of tissue 
dehydration in these embryos. Evidence to support this claim is shown in 
Table 3. We have also estimated the water content of the skin that 
surrounds the legs, head and body. If the leg is treated as a cylinder 
and the head and body as separate spheres all covered by a layer of skin 
about 0.15 cm thick (author, unpublished data), the volume of the layers of 
skin can be estimated by substracting the estimated volume of the cylinder 
or sphere without skin from the estimated volume of the cylinder or sphere 
with skin. We can estimate the amount of water in the skin by multiplying 
thf estimated volume by the average percent water in skin on day 21 (83%; 
author, unpublished data). We can then estimate the amount of water in the 
skin of each body part examined: the skin covering both legs contains 
25% the skin over the head about 24% and the skin over the body about 51% 
of :.he total 8100 mg of water in the skin of a day 21 control chick. 
These results show that the skin around the body has the largest potential 
reservoir of water and, as shown in Fig. 7d and Table 3, contributes the 
largest amount of water (58%) to the deficit. The skin around the head 
and legs also contribute water at their expense to maintain the water 
content of other more vital tissues like heart and gizzard (Davis and 
Ackerman, 1987). This evidence confirms the third hypothesis that the 
decreases in wet leg tissue of water-stressed embryos is due to 
dehydration of skin. Some dehydration of muscle tissue was observed also. 
We found no evidence of leg muscles growing more slowly. 
Skin is used as a reservoir of water for several reasons. First, it 
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is known that newborn mammals and birds have an elevated extracellular 
fluid (ECF) volume at birth and for 12-24 hr after birth (Adolph, 1967; 
Kleinman, 1975; Robillard et al., 1985). Most of this volume is present 
as interstitial fluid under the skin and, as blood pressure increases and 
tissues continue to expand in volume with growth, this ECF is eventually 
reduced to normal. The presence of high ECF volume at hatch may act as a 
type of physiological insurance to ensure survival during the first days 
after birth because most young chickens do not drink until 24-48 hr after 
birth (author, unpublished data). Second, high water loss causes a rapid 
decline in allantoic fluid volume which results in the CAM collapsing 
around the embryo and coming in contact with embryonic skin. These 
conditions may result in direct transport of water from skin into 
circulation. This may be a last attempt to preserve osmotic conditions 
inside the embryo and may result in the deficit of skin water content 
observed in this study. 
Chicks from high water loss eggs that hatch successfully may regain 
weight and grow normally or they may have irreversible osmoregulatory, 
integumentary and neural damage due to dehydration of skin and/or brain 
tissue. We have shown that these chicks can regain the tissue water 
weight and grow normally (Fig. 8). With ^  lib food and water, the 
difference in wet mass was corrected by day 7 posthatch. These results 
show an important ability of the avian embryo: if it can survive the 
critical periods of osmotic stress brought on by high water loss and hatch 
successfully, it can recover and grow a^^ygll as chicks produced from 
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unstressed eggs. The osmoregulatory mechanisms of the hatchling may be 
as effective as those in most adult birds (Skadhauge, 1981; Koike et al., 
1983). 
Embryo Water Content and Low Water Loss - Excess water inside 
the egg due to low water loss may result in either a larger wet mass but 
unchanged dry mass as embryos incorporate extra water into new tissue or 
normal embryonic growth as excess water is not incorporated into new 
tissue but will be left behind in an extraembryonic compartment. Embryos 
from eggs that lost low amounts of water showed no change in growth rate 
or water content during the last week of incubation. Normal rates of 
growth were maintained and embryos did not incorporate excess water into 
their tissues. This evidence confirms the fourth hypothesis that low 
water loss does not affect embryonic growth and excess water is left 
behind in the form of albumen. The rate of yolk use was also not altered 
by decreased water loss. However, the 1-4 gm of albumen that was found 
left in the egg may result in a decreased protein content of the embryo. 
Metabolic water that is normally produced and then lost in control embryos 
may be retained in low water loss embryos resulting in it not being 
necessary that all albumen be absorbed. 
The causes of decreased hatch success occurring only late in 
incubation with low water loss eggs are unknown. Our observations show 
chicks, that were unable to hatch, pipped the shell but failed to escape 
the shell, which are similar to the results of Romanoff (1929). Tazawa 
et al. (1971) showed that embryos from eggs with shells coated with epoxy 
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cement failed to hatch because of CO2 accumulation and decrease O2 
availability. Chicks observed in our study showed low activity levels 
after pipping and seemed to lack the energy needed for escape from the 
shell. This may be the result of accumulated CO2 or may result from 
incomplete clearance of lung fluid due to the small volume of the air 
space that occurs with low water loss. 
Another dilemma discussed by other investigators (Hoyt, 1979; Murphy 
et al., 1982) is the large amount of Na"^ ions moved out of allantoic fluid 
by the CAM during the last week of incubation. These ions have not been 
accounted for in other embryonic or extraembryonic compartments. Others 
have suggested that Na"*" ions may accumulate in amniotic fluid but our 
results, even with eggs that have lost large amounts of water, show no 
such accumulation (Fig. 5b). In fact, the Na"*" levels of amniotic fluid 
seem to be regulated quite well by a mechanism yet to be elucidated. 
Murphy et al. (1982) concluded that 'extra Na"*" ions' may be kept in an 
expanded ECF compartment which included plasma. Our results show that Na"*" 
accumulated in plasma only after day 19 (Fig. 6a) when the CAM has 
atrophied and its ion transport has ceased. Also, an expanded ECF would 
result in high water content of water-stressed eggs and our results show 
embryonic dehydration occurs in these eggs (Davis and Ackerman, 1987). We 
suggest here that ' extra Na"*" ions ', because they have not been found in 
other extraembryonic compartments, may be precipitated in the allantoic 
fluid, as also suggested by Hoyt (1979). This hypothesis rests on the 
observation that allantoic fluid is turned over at a very high rate 
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(Adolph, 1967) and the movement of water and ions measured in this study 
is only a indication of the balance of influx and efflux that most 
likely occurs across all membranes around the embryo during incubation. 
The dynamics of embryonic water and solute movements and recirculation are 
intriguing and need further investigation to understand the details and 
importance of embryonic osmoregulation. 
Uric acid appears in adult birds as the excreted end product of 
nitrogen metabolism. The large increase in uric acid production observed 
after day 14 in the chick embryo may also be the result of an increased 
nitrogen metabolism. At this time, the embryo may shift from a lipid-
based substrate to a more protein-based substrate used for energy 
metabolism. The increased embryo mass near day 14 has accumulated a high 
amount of protein and the balance of catabolism and turnover of protein at 
this time may be responsible for the appearance of uric acid. Data 
presented here (Figs. 3b and 3c) and our earlier data (Davis and Ackerman, 
1987) show that a shift in the rate of yolk and albumen use occurs at this 
time. The decline in wet and dry mass of yolk slows almost to a stop 
after day 12 whereas the decline of albumen wet and dry mass increases 
dramatically after day 12. This process does not seem to be affected by 
different rates of egg water loss. Thus, the lipid substrate from yolk 
seems to be used earlier in development before day 12 whereas the protein 
substrate from albumen appears to be used after day 12. This may give 
supportive evidence that a shift in the substrate used in embryonic energy 
metabolism may result in the increased production of uric acid observed. 
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This shift would also result in half the amount of metabolic water being 
produced which, along with CAM ion transport, may partially explain the 
sudden stop in accumulation of allantoic fluid volume seen at this time. 
Incubation Water Loss and Embryonic Osmoregulation - In conclusion, 
we have reported here the consequences of high and low water loss on the 
growth, water content and ion exchange of the avian embryo and its 
surrounding compartments during the last half of incubation. These 
results have added to our knowledge of the osmoregulatory ability of the 
avian embryo but, more importantly, have shed more light on the importance 
of why avian eggs, chicken eggs in this case, must lose water totalling 
12% of IFM in order to have highest hatch success, optimal growth rate and 
highest embryo wet mass. The regulation of allantoic fluid, its volume and 
ion content and the action of the CAM surrounding it are the integral 
components in maintaining the osmotic balance of the developing avian 
embryological system, allowing water losses between 6 and 20% of IFM to 
adversely affect development only slightly. High rates of water loss cause 
an increased rate of decline of allantoic fluid volume, which prolongs the 
period of osmotic stress from depletion of allantoic fluid to emergence of 
the chick from the shell. Increased water loss above 20% of IFM dehydrates 
blood, amniotic fluid and embryonic tissue. One period of time during 
incubation, between day 19 and hatch, appears to be critical in determining 
the hydration status and hatch success of the developing embryo, due to the 
lack of effective osmoregulatory control during this time. Low rates of 
water loss (minimum of 5.5% loss of IFM was measured here) cause excess 
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allantoic fluid which does not appear to affect embryonic growth or osmotic 
balance of embryonic fluids. Low water loss does decrease hatch success the 
cause of which was not apparent in this study. 
The growth, development and hatching of a new bird involve a very 
complex, ordered set of events. If the temperature of the egg is kept 
constant during incubation, the powerful drive or progression of embryonic 
growth and development in the chicken egg do not seem to be altered by 
variation in egg water loss. The growth, development and hatch of most 
wild bird eggs take place with considerable variation in egg temperature 
and nest environment and with great success. Hopefully, these studies 
using chicken eggs can act as a basis toward understanding the 
osmoreglatory and other physiological strategies responsible for the 
remarkable reproductive success of all wild things feathered and flightful. 
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GENERAL SUMMARY AND CONCLUSIONS 
In summary, the research presented here has produced the following 
conclusions : 
Eggs that lost 25% of initial fresh mass (IFM) during incubation 
produced embryos with smaller wet masses than control eggs that lost 12.5% 
of IFM. However, water-stressed embryos did not differ from control 
embryos in dry body mass, indicating that water-stressed embryos were 
dehydrated. Hatching success was 20.5% and 85% for high and control water 
loss eggs respectively. Thus, increased water loss during the last week of 
incubation resuJ ts in embryos that weigh less because they have a lower 
water content, not because they are growing more slowly. Embryos do not 
alter their growth in response to a change in the amount of water available 
inside the egg. 
The decreased wet embryo mass measured in embryos from high water 
loss eggs was duo to dehydration of embryonic skin. Embryonic skin may 
serve as an emergency reservior of water during osmotic stress. 
Dehydrated chicks produced from high water loss eggs regained the 
water deficit 7 days after hatch and grew at a rate not different from 
control chicks through 6 weeks of age. 
Eggs that lost 6% of IFM produced embryos and yolks that were not 
different in wet or dry mass compared to control eggs that lost 11% of 
IFM. However, 1-4 gm of albumen were left in these eggs on day 21. 
Hatching success was 71% and 89% for low and control eggs respectively. 
Low egg water loss did not disturb embryonic growth. 
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Allantoic fluid volume declined faster with high and slower with low 
rates of water loss after day 12. Millimolar allantoic Na"*" and CI" ions 
declined at faster rates with high water loss after day 12. Thus, excess 
water is lost as a result of increased movement of water out of allantoic 
fluid which is thought to be due to increased active transport of Na ions by 
the chorioallantoic membrane (CAM). 
High egg water loss (above 20% of IFM) caused elevated CI" ion levels 
after day 17 in plasma and amniotic fluid which indicated a period of 
osmotic stress after depletion of allantoic fluid between day 18 and 
hatch. This time period between depletion of allantoic fluid, atrophy of 
the CAM and hatch is prolonged with high water loss and results in 
high mortality and dehydration of embryonic skin. Once the CAM atrophies 
or allantoic fluid is depleted, the system appears to lack adequate 
osmoregulatory mechanisms or water to maintain normal osmotic conditions 
in and around the embryo. 
Eggs that lose less than 20% of IFM produce embryos with normal wet 
masses and only slight decreases in hatching success. Their blood, 
allantoic fluid and amniotic fluid Na"^ and CI" ion levels are not 
different from controls. It appears that these eggs have just enough 
allantoic fluid to survive the period of osmotic stress until hatch. More 
total water loss extends the stress period and the CAM appears to remove 
water directly from the skin of the embryo. This "life on the edge" 
existence does not work for all chicken embryos that lose 20% of IFM as 
shown by the decreased hatching success of 60%. Eggs that lose 12% of IFM 
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produce embryos with highest hatching success and normal water content. 
These eggs have a period of osmotic stress that is minimal in length. 
This rate of water loss results in a careful balance of volume and ion 
content in allantoic fluid which appears to be best for embryonic growth 
and development. 
I have shown here a range of egg water losses from 6 to 20% of IFM in 
which the embryo appears to show only minimal osmotic stress and no 
changes in growth though slight decreases in hatching success were 
observed. It is within this range that the chicken embryo is able to 
osmoregulate successfully, to recyle water within its fluid compartments 
and develop normally despite different amounts of water available inside 
the egg. 
We know that allantoic fluid and the CAM are actively involved in 
this process. We know that uric acid is present in allantoic fluid but 
its role in regulating allantoic Na"^ concentrations in order to maintain 
the proper membrane potential needed for recycling of water remains to be 
tested. We do not know if the total amount of uric acid produced 
increases with osmotic stress or if the responsiveness of the embryonic 
kidneys to osmotic stress is changed. Increased kidney sensitivity 
may contribute to the decline of allantoic fluid volume and ion content 
after day 12. A comparative description of the osmoregulatory abilities 
of embryonic and adult avian kidneys is needed. The integrative role of 
embryonic or adult avian hormones in osmoregulation before hatch also 
needs further work. Intensified research on membrane ion and water 
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transport must continue in order to understand the details and proven 
success of avian reproduction. 
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